Introduction
The global prevalence of gastrointestinal helminthiases highlights the major public health significance and economic impact that this group of pathogens represents in both human and animal populations. Helminth infections are amongst the most prevalent of all chronic human diseases, with at least one-quarter of the world's population harbouring intestinal nematode infections. Recent estimates suggest that more than 1000 million people worldwide are infected with each of the four major pathogen species of humans: Trichuris trichiura, Ascaris lumbricoides and the hookworms Necator americanus and Ancylostoma duodenalis (World Health Organisation, 1996; Chan, 1997; Albonico et al., 1999) . These infections are characteristically chronic and exhibit an overdispersed distribution within infected populations (reviewed in Bundy and Cooper, 1989; Behnke et al., 1992) . The most severe clinical symptoms of infection, including anaemia, protein-losing enteropathy, chronic dysentery and rectal prolapse, occur in the minority of heavily infected individuals (reviewed in Symons, 1969; Bundy and Cooper, 1989; Grencis and Cooper, 1996) . However, significant detrimental clinical outcomes also occur in moderately infected individuals, including impaired nutritional status, growth retardation and lower educational achievement (Cooper et al., 1992; Nokes and Bundy, 1994) . Within the livestock industry, Haemonchus spp., Trichostrongylus spp. and Ostertagia ostertagi are the main disease-causing intestinal nematode infections, contributing significantly to reduced productivity and representing ©CAB International 2001. Parasitic Nematodes (eds M.W. Kennedy and W. Harnett) a substantial economic concern, with anthelmintic treatment costing approximately £1000 million annually (Newton and Munn, 1999) .
Strong temporal stability of nematode populations exists in endemic areas due to the high frequency and long-lived nature of infective larval stages. As a result, reinfection rates are high and chemotherapeutic intervention, although successful, provides only a short-term benefit to infected people and livestock. In addition, the development of anthelmintic resistance and the growing costs of developing new anthelmintic drugs (and concern over drug residues entering the food chain through livestock: Emery and Wagland, 1991) require the development of more long-lived immunological intervention strategies. The apparent success of antinematode vaccines in the livestock industry (Emery, 1996) and growing evidence from human immunoepidemiology studies suggesting that immunity to helminth infection can operate (Maizels et al., 1993) suggest that a vaccine approach is a necessary and obtainable goal. However, more detailed knowledge of the immunoregulatory processes operating during intestinal nematode infection is required to allow the development of effective and commercially viable vaccine strategies that elicit long-term reductions in the intensity and prevalence of infection.
The development of immunologically well-defined laboratory models of intestinal nematode infection has allowed significant advances to be made in understanding the immunological basis of susceptibility and resistance to infection under controlled laboratory conditions. Therefore, considerations, such as infection and co-infection history, nutritional status and behavioural and environmental differences within communities, that have made human studies difficult to interpret can be overcome. The utilization of rodent models also has the advantage of a wealth of immunological reagents with which to manipulate and analyse responses during infection. Four infection models in particular have allowed key developments in the understanding of immunity to nematode infection: Trichuris muris, Heligomosoides polygyrus, Nippostrongylus brasiliensis and Trichinella spiralis. Important differences in life-cycle strategies exist between these model systems. T. muris inhabits the caecum and proximal colon, while the latter three reside in the small intestine. T. muris and T. spiralis share an unusual microenvironmental niche for metazoan pathogens, being partially or entirely embedded within host enterocytes, depending on the life-cycle stage. Infective stages of T. muris, T. spiralis and H. polygyrus are administered orally, while infective N. brasiliensis larvae penetrate the skin, migrate via the lymphatics to the lungs, and enter the alimentary tract via the tracheal-oesophageal route. Primary T. spiralis and N. brasiliensis infections are expelled from most hosts within weeks, while expulsion of T. muris is host-strain dependent. In contrast, most experiments using the H. polygyrus model involve drug clearance of normally persistent primary infection and analysis of the host response to subsequent challenge. These life-cycle characteristics particular to different nematode species will influence the generation of anti-nematode immune responses and require different effector mechanisms to mediate worm expulsion.
Experiments using these four nematode infections have allowed analysis of the cellular and molecular interactions involved in the generation and regulation of immune responses during infection, and have identified common immunological events that are triggered during all these nematode infections. In addition, these studies have provided insights into the nature of protective effector responses operating in the gut microenvironment, which confer worm expulsion and host resistance. This review will provide a synopsis of our current understanding of the induction and regulation of immunity to intestinal nematode infection drawn predominantly from studies using these four model systems and, where relevant, highlight areas of the immune response to nematodes that require further research.
T Cell and Cytokine Regulation of Host Protective Immunity
The critical importance of T cells in the generation of host protective immunity to intestinal nematode parasites was initially shown in nude mice and rats (which lack mature thymus-derived T cells) (Prowse et al., 1978; Vos et al., 1983; Ito, 1991; McKay et al., 1995) . Subsequently, CD4 + T cells were shown to be the critical subset in resistance by adoptive transfer of fractionated T cells during N. brasiliensis and T. spiralis infections (Grencis et al., 1985; Katona et al., 1988; Ramaswany et al., 1994) and anti-CD4 monoclonal antibody treatment during T. muris and H. polygyrus infections (Urban et al., 1991a; Koyama et al., 1995) . The seminal work of Mosmann et al. (1986) , in which two distinct CD4 + T cell subsets were defined by differential secretion of cytokines, has revolutionized understanding of the regulatory mechanisms underlying resistance and susceptibility to nematode infection. T helper type 1 (Th1) cells produce the type 1 cytokines IFN-γ, lymphotoxin and interleukin (IL)-2, stimulating immunoglobulin (Ig)G2a production and cell-mediated effector responses. The type 2 cytokines IL-4, IL-5, IL-6, IL-9 and IL-13 are secreted by T helper type 2 (Th2) cells in the relative absence of type 1 cytokines, and promote mastocytosis, eosinophilia and the production of IgE and IgG1 (reviewed by Abbas et al., 1996; Mosmann and Sad, 1996; O'Garra, 1998) . These T cel lsubsets were first discovered following in vitro differentiation of murine T cell clones (Mosmann et al., 1986) . Subsequent studies identified the existence of human and murine CD4 + and CD8 + T cells with the capacity to produce type 1 and type 2 cytokines in vivo (Romagnani, 1991; Seder et al., 1992) . Numerous in vitro and in vivo studies have demonstrated that, following antigenic stimulation, naive T cells pass through an intermediate stage in their development (Th0 cells) in which a mixed profile of cytokines is produced before becoming polarized into committed and cross-regulatory cell populations promoting type 1 or type 2 responses (reviewed in Fitch et al., 1992; Abbas et al., 1996; O'Garra, 1998) . The classification of immune responses as type 1 or type 2 based on the dominant cytokines being produced is likely to be a simplified model, but it has provided an excellent framework with which to characterize the cellular and molecular regulation of immunity to invading pathogens.
Resistance to infection requires a type 2 response
While resistance to a range of intracellular pathogens, including Leishmania major (Scott, 1991) , Mycobacterium leprae (Yamamura et al., 1991) , Cryptosporidium parvum (Ungar et al., 1991) and Toxoplasma gondii (Gazinelli et al., 1991) , requires the induction of a type 1 response to elicit host protection, protective immune responses and expulsion of nematodes in murine hosts are universally coincident with the generation of a type 2 response Else et al., 1992; Wahid et al., 1994; Lawrence et al., 1996; Finkelman et al., 1997) . Although there are currently no published studies on T cell and cytokine responses during intestinal nematode infection of humans, a number of studies support observations made in murine models, showing the presence of type 2 cytokine-controlled responses during infection, including elevated IgE and peripheral eosinophilia (Pritchard et al., 1990 Needham et al., 1994; Quinnell et al., 1995) . Similar responses indicative of dominant type 2 cytokine production are observed during intestinal nematode infection of livestock (reviewed in Miller, 1984; Buddle et al., 1992) . Indeed, prototypic type 2 responses composed of peripheral and tissue eosinophilia, elevated IgE levels and intestinal mastocytosis are common responses in all intestinal helminth infections (Lobos, 1997) .
The in vivo manipulation of specific type 2 cytokines using anticytokine monoclonal antibodies, or mouse strains with targeted deletions in cytokine and/or cytokine receptor genes, has proved a fruitful approach in identifying the importance of individual cytokines and the responses that they control in contributing to host resistance. These studies have identified important roles for IL-4, IL-9 and IL-13 in host protection against nematode infection, though the relative importance of each cytokine appears to be nematode-species dependent.
A cardinal role for IL-4 in host protection against intestinal nematode infection was first shown in the H. polygyrus challenge model. Worm expulsion was delayed following treatment with anti-IL-4 or anti-IL-4 receptor monoclonal antibodies, while control treated animals successfully cleared infection (Urban et al., 1991b) . Blockade of the IL-4 receptor effectively prevents the in vivo function of IL-4 and IL-13, as these two cytokines share the IL-4 receptor α-chain for signalling functions (Lin et al., 1995) . In addition, in vivo administration of IL-4 complex (IL-4C), which enhances the half-life of the cytokine in vivo , facilitated expulsion of primary infection in normally permissive hosts. Similar experiments in the T. muris model demonstrated that blockade of the IL-4 receptor in resistant mouse strains resulted in the production of a predominantly type 1 response, with a chronic infection developing . Conversely, the administration of IL-4C to susceptible mouse strains resulted in the expansion of a type 2 response and clearance of infection . It is interesting that, in the latter case, delivery of IL-4C late in infection also facilitated clearance of an established worm infection.
These studies were confirmed in mice with a targeted deletion in their IL-4 gene (IL-4 knockout, KO). These animals did not generate protective type 2 responses during both T. muris and H. polygyrus infection and hence failed to clear infection Bancroft et al., 1998) . In the case of T. muris, the expulsion phenotype of IL-4 KO mice has been found to be dependent on the background strain of mouse used, with C57BL/6 IL-4 KO mice developing chronic unresolving infections, while BALB/c IL-4 KO mice cleared infection (Bancroft et al., 1998; Artis et al., 1999a; A.J. Bancroft, unpublished) . Expulsion of primary T. spiralis infection has also been reported to be delayed in IL-4 KO mice (Lawrence et al., 1998) . A role for IL-4 (and perhaps IL-13) in expulsion of T. spiralis was confirmed in studies in which immunocompetent animals were treated with anti-IL-4 receptor monoclonal antibody, resulting in prolonged adult infections and higher muscle larvae burdens .
In the case of N. brasiliensis infection, a role for IL-4 and IL-13 has been identified. While treatment with IL-4C cured chronic infection in anti-CD4 monoclonal antibody treated or SCID mice (which lack B and T cells) , anti-IL-4 treated mice and IL-4 KO mice cleared infection with similar kinetics to wild-type controls, which suggests that IL-4 was not important in host resistance (Madden et al., 1991; Lawrence et al., 1996) . Critically, mice deficient in IL-4 receptor signalling failed to clear infection, as did anti-IL-4 receptor treated IL-4 KO mice (Barner et al., 1998; Urban et al., 1998) . In addition, mice deficient in signal transducer and activation of transcription (Stat)-6 molecules also failed to expel N. brasiliensis (Urban et al., 1998) . As stated earlier, IL-4 and IL-13 share the IL-4 receptor α-chain. Signalling through this receptor occurs via Stat6 activation and is critical in the development of type 2 cytokine responses (Kaplan et al., 1996; Takeda et al., 1996) . IL-4 and IL-13 are the only two cytokines currently known to activate this signalling pathway. Therefore, expulsion of N. brasiliensis was IL-4 receptor and Stat6 dependent (but independent of IL-4), suggesting an important role for IL-13 in resistance.
Definitive evidence of such a function came from McKenzie et al. (1998a,b) , demonstrating delayed expulsion of N. brasiliensis in IL-13 KO mice despite these mice mounting robust type 2 responses. Supporting this, blockade of IL-13 function during infection in immunocompetent and IL-4 KO mice by in vivo administration of a soluble IL-13 receptor α2-human IgG-Fc fusion protein (A25) completely blocked worm expulsion and confirmed the importance of IL-13 in host resistance (Urban et al., 1998) . The IL-4 KO mice treated with A25 had higher worm burdens than immunocompetent animals given the same treatment, however. This observation, coupled with the fact that mice doubly deficient in IL-4 and IL-13 displayed more severely impaired host resistance than mice deficient in IL-13 alone (McKenzie et al., 1999) , suggested that IL-4 can play at least a partial role in host protection.
A critical and IL-4-independent role for IL-13 has also been identified in host resistance to T. muris. Despite generating strong and equivalent type 2 responses to wild-type mice, mice deficient in IL-13 production failed to clear infection (Bancroft et al., 1998) . Expulsion in BALB/c IL-4 KO mice was completely blocked following treatment with A25, confirming an important role for IL-13 in resistance to T. muris (A.J. Bancroft et al., unpublished observations) (Table 17 .1). In addition, IL-4 receptor KO mice (lacking IL-4 and IL-13 functions) are completely susceptible to T. muris (A.J. Bancroft, unpublished observations).
We have recently identified a novel role for TNF-α in the regulation of IL-13-mediated expulsion of T. muris. In vivo treatment of normally resistant immunocompetent strains with anti-TNF-α monoclonal antibody prevented worm expulsion without significantly altering the magnitude of the type 2 cytokine response compared with control treated mice, which cleared infection (Artis et al., 1999a) . In addition, administration of anti-TNF-α to T. muris infected BALB/c IL-4 KO mice (in which expulsion is IL-13 mediated) prevented worm expulsion ( Fig. 17.1 ). These data show that TNF-α, a cytokine normally associated with type 1 mediated phenomena including inflammation, autoimmunity and control of intracellular pathogens (reviewed in Vassilli, 1992) , plays a critical role in IL-13 mediated anti-T. muris effector responses (see below). Bancroft et al., 1998; A.J. Bancroft, unpublished.) The role of IL-9, another type 2 cytokine, has received rather less attention than IL-4 and IL-13, despite being produced during infection with the nematode species discussed in this review. IL-9 is produced predominantly by T cells -although a non-T cell source does exist (Svetic et al., 1993) -and acts as a mast cell and T cell growth factor in addition to potentiating the production of IL-4, IgE and IgG (Uyttenhove et al., 1988; Eklund et al., 1993; Petit-Frere et al., 1993; Louahed et al., 1995) . Studies in which IL-9 levels have been enhanced in vivo have identified an important role for IL-9 in resistance to T. spiralis. Therefore, IL-9 transgenic mice (which constitutively over-express this cytokine) displayed enhanced parasite-specific IgG1 and profound intestinal mastocytosis, resulting in accelerated worm expulsion (Faulkner et al., 1997) . In vivo elevation of IL-9 levels during T. muris infection also resulted in enhanced type 2 responses and accelerated worm expulsion (Faulkner et al., 1998) . Indeed, IL-9 mRNA was detected prior to IL-4 production in the draining mesenteric lymph node of resistant strains, suggesting that the protective effect of IL-9 may be operating through the promotion and expansion of Th2 cells and enhancement of their protective effector function. Recent studies have also found that in vivo treatment with anti-IL-9 monoclonal antibody significantly delayed expulsion of T. muris in normally resistant immunocompetent strains and in BALB/c IL-4 KO mice. This suggests that IL-9, either directly or indirectly, is also critical in host resistance (Humphreys and R.K. Grencis, unpublished observations). There have been no studies Artis et al., 1999a.) as yet on the role of IL-9 in protection against H. polygyrus and N. brasiliensis, despite elevated levels of this cytokine being detected following infection (Svetic et al., 1993; Katona et al., 1995) .
IL-3 and IL-5 are also produced during the four intestinal nematode infections of rodents discussed in this chapter Madden et al., 1991; Else et al., 1992; Wahid et al., 1994) , though neither cytokine appears to be essential in host protection in any model system. Treatment with anti-IL-3 monoclonal antibody or infection in IL-3 KO mice resulted in no impairment of host protection to T. muris, H. polygyrus, N. brasiliensis or T. spiralis (Madden et al., 1991; Betts and Else, 1999 ; R.K. Grencis and Tybulewicz, unpublished observations). However, IL-3 is important in the development of intestinal mastocytosis and host protection against the related pathogen Strongyloides stercoralis (Lantz et al., 1998) . Conflicting evidence exists on the role of IL-5 in protection against intestinal nematode infection. Treatment with anti-IL-5 monoclonal antibody during T. muris (Betts and Else, 1999) , H. polygyrus (Urban et al., 1991) , N. brasiliensis (Coffman et al., 1989) or T. spiralis infections (Herndon and Kayes, 1992) had no effect on the kinetics of worm expulsion, suggesting that this cytokine did not play a major role in protection. Studies in transgenic mice over-expressing IL-5 suggest that this cytokine might play a protective role against invading N. brasiliensis larvae (Dent et al., 1999 ) (see below).
Type 1 cytokine responses promote susceptibility
Mouse strains that are naturally susceptible to T. muris respond to infection with the production of antigen-specific IFN-γ, IL-12 and IgG2a (characteristic of a strong type 1 response) and develop unresolving infections (Else et al., 1992 ; D. Artis and R.K. Grencis, unpublished observations). The functional involvement of type 1 cytokines in promoting susceptibility to infection was shown in studies where the in vivo depletion of IFN-γ (Else et al., 1997) or IL-12 (A.J. Bancroft, unpublished) in normally susceptible strains allowed the expansion of type 2 responses and effective clearance of infection. These results are supported by the kinetics of worm expulsion in IFN-γ KO and IFN-γ receptor KO mice, which display very early production of type 2 cytokines following infection and more rapid worm expulsion than wild-type control animals (D. Artis, Boeuf, and R.K. Grencis, unpublished observations). Furthermore, in vivo administration of recombinant IL-12 to normally resistant mice resulted in the generation of a predominantly type 1 response (through its effects on IFN-γ production) and the development of a chronic infection (Bancroft et al., 1997) .
Similarly, the administration of IFN-γ or IL-12 at the time of inoculation with N. brasiliensis significantly prolonged the course of infection, with the effects of IL-12 being IFN-γ dependent Finkelman et al., 1994) . It is interesting that the effects of administration of IL-12 during T. muris and N. brasiliensis infection were different, with IL-12 treatment early during T. muris infection of resistant strains inducing the development of a polarized type 1 response and resulting in chronic infection (Bancroft et al., 1997) . However, administration of IL-12 during N. brasiliensis infection was only effective in blocking expulsion for the duration of treatment, with protective type 2 responses developing and worm expulsion occurring after cessation of cytokine treatment . Therefore, it would appear that IL-12 treatment induces a loss in IL-4 responsiveness during T. muris but not N. brasiliensis infection, although differential expression of cytokine receptor expression on lymphocyte populations was not examined in these experiments.
In 1995 a new cytokine, interferon-γ-inducing factor (IGIF) or IL-18, was identified with an important role in promoting type 1 responses (Okamura et al., 1995) . IL-18 has been found to share a number of biological functions with IL-12, such as inducing IFN-γ production by lymphocytes and Th1 clones and enhancing natural killer cell activity, though most of the effects of IL-18 are dependent on synergy with IL-12 (Okamura et al., 1995; Kohno et al., 1997; Yoshimoto et al., 1997) . Recently, IL-12-independent induction of IFN-γ responses have been identified (Magram et al., 1996; Schijns et al., 1998; Takeda et al., 1998) , but the role of IL-18 in inducing IFN-γ production during nematode infection, and so in regulating host susceptibility to infection, has yet to be investigated.
Nematode Cytokines?
As discussed above, it appears that administration of the Th1-inducing cytokine IL-12 to resistant mouse strains results in the apparent loss of IL-4 responsiveness and the development of chronic infection, while IL-12 is only effective at preventing expulsion of N. brasiliensis for the duration of cytokine administration, suggesting IL-4 responsiveness is not lost in this case. One possible explanation for the differences in effect of IL-12 treatment on infection outcome in these two models relates to the identification of a potentially important immunomodulatory molecule secreted by T. muris. This 43 kDa T. muris-derived protein has been found to share cross-reactive epitopes with host IFN-γ, binding IFN-γ receptors on host lymphocytes and mediating cellular changes similar to those induced by IFN-γ itself (Grencis and Entwistle, 1997) . Immuno-gold staining using anti-IFN-γ antibodies has localized this epitope-sharing molecule to the cuticle, stichosome and the bacillary band ( Fig. 17.2) . The latter is interesting as this structure is a major interface between host and parasite and appears from ultrastructural studies to have a secretory function (Bughdadi and R.K. Grencis, unpublished) . This parasite-derived IFN-γ homologue may be critical in potentiating type 1 responses and so promoting the development of chronic infection. Following prolongation of infection by IL-12 treatment, a protective type 2 response may be prevented from developing due to the secretion of this immunomodulatory protein by the parasite.
Regulation of Th Responses During Nematode Infection
It is clear that the type 2 cytokines IL-4, IL-9 and IL-13 play an obligatory role in host resistance to nematode infection whereas type 1 responses promote host susceptibility. Therefore, given that susceptibility to nematode infection is not due to a lack of responsiveness per se, but rather the development of an inappropriate response, it is important to understand the factors that influence the induction and expansion of Th subset responses and so control infection outcome. Studies in nematode models and other systems have addressed these questions and identified the importance of host genetic factors, the nature of the antigen and the antigen presenting cell, co-stimulatory molecules on these cells, and the cytokine and chemokine environment immediately following induction of the response.
Genetic control of Th responses
Studies in the T. muris and T. spiralis models have investigated genetically determined differences in immune responsiveness that exist during infection. Effects of genes within the mouse major histocompatibility complex (MHC) (H-2) on host resistance were examined using B10 mice. Within different B10 congenic strains a gradation of resistance to T. muris infection was observed, from the relatively resistant B10 (H-2 b ), B10.G (H-2 q ) and B10.D2/n (H-2 d ) strains through to the B10.BR (H-2 k ) strain, which was completely susceptible to infection (Else and Wakelin, 1988) . In both BALB and B10 congenic strains, a correlation between b and q alleles within the I-A locus was associated with host resistance while d and k alleles were associated with susceptibility (Else and Wakelin, 1988) . Similarly, the H-2 k haplotype had a greater association with relative susceptibility than the H-2 q haplotype during T. spiralis infection (Wakelin and Donochie, 1983) . It is clear, therefore, that the H-2 complex plays a significant role in controlling resistance and susceptibility to intestinal nematode infection. However, studies using H-2 recombinant strains have also shown the importance of background genes in determining host resistance. Expression of the q allele has been shown to have different effects on resistance to infection when expressed on a variety of genetic backgrounds, and mouse strains sharing the same H-2 alleles differ significantly in their resistance to T. muris infection (Else et al., 1990 (Else et al., , 1992 .
Using a serial backcross approach, the loci linked with resistance to L. major infection have been mapped to six distinct chromosomal regions (Beebe et al., 1997; Guler et al., 1997) . The loci important in determining host susceptibility and resistance to intestinal nematode infections have not yet been identified. It is clear, however, that both H-2 and non-H-2 genes influence the nature of the immune response during nematode infection, with the former likely to be having a regulatory effect on antigen presentation to T cells and the latter exerting effects at other levels, including the antigen-presenting cell, cells of the myeloid lineage and the induction of inflammatory mediators.
Professional antigen-presenting cells
Polarization of CD4 + T cell subsets is also influenced by the cell type presenting the antigen. In in vitro studies using ovalbumin-specific T cell clones, adherent spleen cells (presumed macrophages) were shown to promote predominantly type 1 responses whereas presentation by B cells enhanced type 2 responses (Gajewski et al., 1991) (but whether different antigen-presenting cell populations induce different responses under physiological conditions remains a contentious issue). Although there have been no studies investigating the effects of antigen presentation by these cell populations during nematode infection, an important role for dendritic cells has been identified in the T. muris model. Current understanding of antigen presentation in the gut suggests that, in Peyer's patches of the small intestine and lymphoid follicles of the large intestine, antigen is taken up by resident dendritic cells and other antigen-presenting cells following antigen sampling by specialized M cells that overlie lymphoid tissue in the gut (reviewed in Neutra et al., 1996) . Antigen presentation to T cells occurs in these induction sites and in the draining mesenteric lymph nodes following migration of antigen-presenting cells. Thereafter, antigenspecific lymphocytes recirculate to the site of original antigen exposure (Springer, 1994; Mowat and Viney, 1997) . Using bone marrow-derived dendritic cells from susceptible and resistant strains, studies have shown that following exposure to antigen in vitro, both these populations can prime for enhanced host resistance to T. muris after transfer into normally resistant animals (Meredith and R.K. Grencis, unpublished) . This suggests that the cytokine environment in which antigen presentation takes place (see below) is more important than the inherent properties of dendritic cell populations from different mouse strains. The importance of dendritic cells in generating immunity to T. muris was also shown in studies in which dendritic cell populations were expanded in vivo using Flt3 ligand. This haemopoietic growth factor is known to expand both myeloid-and lymphoid-derived dendritic cells (Pulendran et al., 1997) . An expansion of the dendritic cell population was observed in the intestinal mucosa and draining mesenteric lymph following Flt3 ligand treatment, and resulted in enhanced type 2 cytokine responses in the draining lymph node and accelerated worm expulsion following primary T. muris infection (Meredith and R.K. Grencis, unpublished observations).
Recent studies have identified two distinct dendritic cell subsets derived from human peripheral blood following in vitro culture under different conditions. 'Myeloid' dendritic cells (termed DC1) develop from peripheral blood monocytes in the presence of IL-4 and GM-CSF, whereas 'lymphoid' dendritic cells (DC2) develop from CD4 + CD3 − CD11c − plasmacytoid cells after culture in the presence of IL-3. These two populations were found to differ in a number of ways, in particular the cytokines they produce during antigen presentation to T cells. The DC1 population produced large amounts of IL-12, inducing the differentiation of Th1 cells, while DC2 promoted the development of Th2 cells producing little IL-12 (Rissoan et al., 1999) . Interestingly, DC2 induction of Th2 cells was independent of IL-4. Precursors of the DC2 lineage have also been shown to act as specialized leucocytes ('natural IFN-producing cells') (Siegal et al., 1999) . Therefore, cells of this lineage perform different immune functions depending on their maturation state, with immature precursors producing large amounts of IFN-α (important in innate resistance to bacteria and viruses), while mature DC2 populations stimulate antigen-specific type 2 responses by the adaptive immune system. DC1 and DC2 populations have not yet been identified in mice, but functional heterogeneity does exist in murine dendritic cell populations (Suss and Shortman, 1996) . It will be of interest to determine whether such DC1 and DC2 populations exist in mouse strains, whether Flt3 treatment selectively enhances the DC2 population, and whether these populations are responsible for the differential induction of type 1 and type 2 responses observed during some nematode infections.
Non-professional antigen-presenting cells
The role of non-professional antigen-presenting cell populations (i.e. cells that are not macrophages, B cells or dendritic cells) in initiation of responses during intestinal nematode infection has also not been studied. This is surprising, given the growing evidence from in vitro studies that enterocytes can process and present antigen to T cells (Bland and Warren, 1986; Mayer and Schlien, 1987; Bland and Whiting, 1989; Kaiserlian et al., 1989) . Differentiated rodent and human enterocytes of the small intestine are known to 'constitutively' express MHC class II, which is upregulated in relatively undifferentiated enterocytes in the small intestine and enterocytes in the colon during inflammation (Wilson et al., 1990; Bland and Whiting, 1992) . Certainly, our unpublished observations have demonstrated a dramatic upregulation of class II expression on enterocytes of the caecum during T. muris infection. Due to their apparent lack of co-stimulatory molecules, however, class II expression on intestinal epithelium is thought to perform a predominantly peptide receptor and shuttling function (discussed in Bland, 1999) rather than antigen presentation. The functional significance of elevated class II expression on enterocytes during intestinal nematode infection remains to be elucidated.
In common with all nucleated cells, enterocytes also constitutively express class I molecules and, in addition, express the class I-like molecule CD1 (Bleicher et al., 1990; Blumberg et al., 1991) . CD1 proteins are a heterologous group of non-polymorphic molecules encoded outside the MHC and capable of binding peptide and non-peptide antigens (reviewed in Bland, 1999) . The functional importance of CD1 has been shown in studies where enterocyte-induced T cell proliferation and cytolysis can be blocked following treatment with anti-CD1 monoclonal antibodies (Panja et al., 1993; Sydora et al., 1993) . T cells bearing the γδ T cell receptor are found in abundance in the gut (Klein, 1996) and are known to be activated following antigen presentation in association with CD1 (Kaufmann, 1996) . Therefore, CD1-restricted antigen presentation by enterocytes during nematode infection may be important in initiation of responses against nematode infection.
Co-stimulatory molecules
Clonal expansion of antigen-specific T cells following T cell receptor ligation to the peptide : MHC complex on antigen-presenting cells requires a second activation signal through the interaction of co-stimulatory molecules on the antigen-presenting cell with their receptors on T cells. Interactions of the co-stimulatory molecules B7-1 and B7-2 with CD28 and CTLA-4 on naive and activated T cells are well characterized in terms of influencing the polarization of Th subset development. Studies carried out in a number of murine systems demonstrated that stimulation of T cells through interaction with B7-1 preferentially induced type 1 responses while stimulation through B7-2 promoted type 2 responses (Kuchroo et al., 1995; Brown et al., 1997; Subramanian et al., 1997; Tsuyuki et al., 1997) . Studies in the T. muris model have shown that blockade of B7-2 prevented the induction of protective type 2 responses during nematode infection in normally resistant mice, resulting in the generation of a predominantly type 1 response and impaired clearance of infection (Fig. 17.3) . Therefore B7-2 interaction with CD28 is critical in host protection in this model. Interestingly, CD28 expression on T cells also appears to be down-regulated in normally susceptible mouse strains during T. muris infection (Soltys et al., 1999) .
The importance of co-stimulation through B7 in the generation of type 2 responses during H. polygyrus infection has also been shown in studies where administration of CTLA-4Ig (a chimeric fusion protein that blocks interaction between CD28 and B7 molecules) prevented the generation of type 2 responses (Lu et al., 1994) . Blockade of B7-2 alone was not sufficient to block the generation of this response during H. polygyrus infection, demonstrating that signalling through both B7-1 and B7-2 could stimulate type 2 responses in this model (Greenwald et al., 1997) . However, B7-2 KO mice had lower type 2 cytokine-mediated effector responses at 2 weeks post-primary H. polygyrus infection compared with wild-type animals. As a result, mice deficient in B7-2 expression had significantly higher adult worm egg production (although no difference in worm burden) at day 24 post-infection (Greenwald et al., 1999) .
The importance of B7 interactions in the generation of type 2 responses during N. brasiliensis infection has been shown in studies where CTLA-4Ig treatment resulted in reduced generation of type 2 cytokines, although it did not alter worm expulsion (Harris et al., 1999) . In addition, blockade of CTLA-4 interactions using monoclonal antibodies resulted in enhanced type 2 responses and accelerated expulsion of N. brasiliensis, suggesting that CTLA-4 was competing with B7 in interacting with CD28 (McCoy et al., 1997) . Therefore the balance of interaction between B7 molecules and their receptors, CD28 and CTLA-4, are critical in determining the development of protective type 2 responses.
The development of effector T cells following activation by antigenpresenting cells also requires the interaction of another receptor-ligand pair. CD40 molecules on antigen-presenting cells are required to bind CD40L on the surface of T cells for effective T cell activation (Grewel et al., 1995) . Following CD40 ligation on the surface of B cells and dendritic cells, a dramatic upregulation of IL-12 production by the antigen-presenting cell was observed (Cella et al., 1996) . Indeed, blockade of this interaction resulted in a marked reduction in type 1 responses (Cella et al., 1996) . Preliminary experiments in which CD40-CD40L interactions were blocked during T. muris infection of normally susceptible mice resulted in lower IgG isotype responses and a reduction in the number of adult worms compared with control treated mice (Fig. 17.4) , suggesting that the magnitude of the type 1 response (promoting susceptibility) was reduced (H.F. Faulkner and R.K. Grencis, unpublished) . Subsequently, a number of in vitro and in vivo studies have demonstrated that signalling through CD40L is important in the induction and maximization of IL-4 production by T cells, and so in influencing the expansion of type 2 cytokine responses (van Essen et al., 1995; Blotta et al., 1996; Poudrier et al., 1998) . However, no studies have investigated the role of this co-stimulatory pathway in the development of resistance to intestinal nematode infection.
Nature of antigens
In addition to the type of cell and co-stimulatory molecules expressed on that cell, the nature of the antigen being presented is important in influencing the development of Th responses. Although relatively little is known about the nature of many dominant nematode antigens, studies have shown that the inherent allergenic nature of these proteins can influence host responses. Indeed, it has been suggested that allergenic nematode antigens with enzymatic properties can cleave low affinity IgE receptors on B cells and so enhance type 2 responses (discussed in Pritchard et al., 1997) . In order to enhance their survival, however, secretion of antigens that preferentially induce type 1 responses would be more evolutionarily advantageous. As discussed above, preliminary data suggests the existence of a T. muris-secreted antigen with such properties. In vivo evidence of a role for T. muris-derived antigens in influencing the Th response comes from studies in which drug clearance of primary infection in normally susceptible strains was carried out on various days post-infection. The degree of immunity to subsequent challenge infection increased with the duration of primary infection until day 21 post-infection, after which stage-specific expression of an antigen released around this time resulted in enhanced host susceptibility to challenge infection (Else et al., 1989) .
Antigen dose and affinity
In vitro studies using T cell receptor transgenic CD4 + T cells have also demonstrated the importance of the antigen dose in influencing the polarization of Th responses, with low and moderate doses of antigen preferentially inducing type 1 responses, whereas very high or very low doses of antigen induced type 2 responses (Constant et al., 1995; Hosken et al., 1995) . The underlying mechanisms of these effects remain to be determined but the effects of the type of antigen-presenting cell and the frequency of T cell receptor engagement with different doses of antigen are thought to be important. Studies with the L. major model confirmed that low doses of infection given to susceptible strains that normally mount a type 2 response resulted in a dominant type 1 response and resistance to infection (Bretscher et al., 1992) . Results from the T. muris system confirmed that this phenomenon was also important in determining the development of Th responses during nematode infection, with low numbers of parasites inducing a type 1 response and a chronic infection in mouse strains that readily clear infection under normal conditions (Bancroft et al., 1994) . The MHC binding affinity of antigen can also alter the development of Th responses, in that peptides with low binding affinity preferentially induce type 2 responses (Kumar et al., 1995) .
Cytokine environment
The most clearly defined factors in determining the differentiation of Th responses are the cytokines present during T cell receptor engagement of the peptide : MHC complex. IL-12 and IFN-γ are important in the development of type 1 responses (Hsieh et al., 1993; Seder et al., 1993) , while IL-4 is important in the induction of type 2 responses (Abishira-Amar et al., 1992; Seder et al., 1992) . The importance of these cytokines in influencing the development of Th responses and so determining the outcome of nematode infection has been discussed above. The cellular source of IL-4 and IL-12 at the initiation of the response has been an area of intense interest. Macrophages and dendritic cells have been shown to produce large amounts of IL-12 upon activation, though the early source of IL-4 has been more difficult to identify. Some studies have suggested that NK1.1 + CD4 + αβ T cells (which can recognize antigen in the absence of MHC) or non-B non-T FcγR1 + cells may provide the early IL-4 that would drive the development of type 2 responses (Conrod et al., 1990; Yoshimoto et al., 1995) . It has also been suggested that T cells themselves might be an early source of IL-4 (Schmitz et al., 1994) . However, there is a lack of definitive evidence demonstrating that any of these cell types are the early source of IL-4 that is important in inducing type 2 responses during nematode infection.
Generic pathogen recognition
The presence of evolutionarily conserved pattern recognition receptors (PRRs) on cells of the innate immune system (including dendritic cells, macrophages, mast cells and basophils) is a possible pathway whereby these populations could become activated and act as a source of early cytokines that are important in determining the nature of the Th response (Medzhitov and Janeway, 1997) . PRRs such as scavenger receptors, integrins and lectinlike receptors recognize 'structural signatures' or pathogen-associated molecular patterns (PAMPs). Examples of PAMPs include LPS on the surface of Gram-negative bacteria, and double-stranded RNA characteristic of RNA viruses (discussed in Medzhitov and Janeway, 1999; Ulevitch and Tobias, 1999) . It is possible that nematodes share common PAMPs that activate cells of the innate immune system, which then provide signals about the nature and origin of the antigen and so instruct the host's adaptive immune system on the type of effector response required. It will be important to examine nematode PAMPs that are involved in activation of the innate immune system during infection, and to identify the cell populations (and PRRs on those cells) that are involved in these processes. Enterocytes may also play an important role in the balance of type 1 and type 2 responses following infection, as this population is also known to express PRRs (Medzhitov and Janeway, 1999) . Studies in vivo and using human and rodent intestinal epithelial cell lines have also shown that enterocytes are a potent source of cytokines, including IL-1, IL-6, IL-7, IL-8, IL-15, IL-18, TNF-α and TGF-β (Barnard et al., 1993; Eckmann et al., 1993; Scheuerermaly et al., 1994; Jung et al., 1995; Stadnyck et al., 1995; Watanabe et al., 1995; Reinecker et al., 1996; Takeuchi et al., 1997) . Therefore, these cells may be activated through PRRs and provide important early signals following infection that can influence the development of Th subsets. The expression of PRRs on enterocytes may also provide a mechanism of cell invasion by nematodes, such as T. muris and T. spiralis, that inhabit intracellular niches.
As mentioned above, γδ T cells are numerous in the gut and can produce cytokines in the absence of conventionally presented antigen (Kaufmann, 1996) . These cells have been shown to produce IL-4 or IFN-γ (Ferrick et al., 1995) and are potentially an important source of these cytokines in the intestinal microenvironment following nematode infection. Supporting this suggestion, IL-4 mRNA has been found in γδ T cells from the caecum of resistant mice immediately following T. muris infection (Lukaszewski and R.K. Grencis, unpublished observations).
Chemokines
Chemokines are a superfamily of proteins involved in leukocyte recruitment and activation (Baggiolini et al., 1997) . Recently, murine and human polarized Th1 and Th2 cells have been shown to respond to different chemokines, with Th1 cells exclusively expressing the chemokine receptors CXCR3 and CCR5, and Th2 cells expressing CCR3, CCR4 and CCR8 (Sallusto et al., 1997; Siveke and Hamann, 1998; Zingoni et al., 1998) . There has been some suggestion that chemokines may be directly involved in the polarization of Th cells (and so in determining the balance of type 1 and type 2 responses) through their signalling and activation functions on T cells (Chensue et al., 1996; Karpus et al., 1997; Lukacs et al., 1997) . Notwithstanding this possibility, it is clear that the local production of chemokines can directly influence the nature of tissue responses through selective recruitment of Th1 or Th2 cells. In addition, chemokine receptor sharing between polarized Th cell subsets and different effector cells promotes their encounter and orchestrates the appropriate effector response. For example, common chemokine receptor expression is found on Th2 cells, eosinophils and basophils, all of which contribute to type 2 cytokinemediated effector responses (Sallusto et al., 1998) .
Given that epithelial cells have been shown to be a source of chemokines at mucosal sites (Li et al., 1999; Santy et al., 1999; Song et al., 1999) , it will be important to define the expression and function of chemokines and their receptors in the intestinal microenvironment during nematode infection, and to determine what effects, if any, these have on the polarization or regulation of anti-nematode responses.
Immune Effector Mechanisms
As mentioned above, a prototypic type 2 response is mounted against nematode infection in most cases (consisting of elevated IgE, eosinophilia and intestinal mastocytosis), with a number of coexisting variables likely to be influencing the response under physiological conditions. Following the initiation and expansion of a protective type 2 response, the classical model of nematode expulsion from the gut has been the 'leak-lesion hypothesis'. This commonly quoted model of host protection suggested that the initial phase of the anti-parasite response consists of antigen-specific T cells inducing IgE production by B cells, which then sensitize mast cells by binding the surface of the cell through FcεR1 receptors. Following subsequent exposure to antigen, IgE-mediated degranulation of mast cells occurs, inducing type 1 hypersensitivity in the gut through the release of pharmacological mediators such as histamine, proteases, leukotrienes and prostaglandins. This non-specific inflammatory phase was thought to make the intestinal microenvironment unsuitable for nematode feeding and survival or directly to damage the worm, hence inducing expulsion (discussed in Wakelin, 1978 Wakelin, , 1993 .
Although in some cases antibody responses do appear to be important in expulsion, the availability of specific monoclonal antibodies and genetargeted mice has suggested that antibody and mast cells are not involved in expulsion of a number of intestinal nematode parasites, certainly during a primary infection, although these (and other host responses) often cause immunopathology (reviewed in Grencis, 1997) . Interestingly, a situation in which antigen-specific T cells and their products induce expulsion through non-specific inflammatory responses and alterations in gut physiology is still a likely scenario based on a number of recent findings.
Immune effectors: antibody
Studies in the T. muris model have shown that passive transfer of immune serum containing either predominantly IgA or IgG1 could enhance resistance to infection (Else et al., 1990b; Roach et al., 1991) . Clearance of infection in resistant strains has also been shown to be coincident with a peak in the number of IgG1 and IgA producing B cells in the draining lymph node (Koyama et al., 1999) . However, a number of studies in which humoral immune responses have been either depressed or eliminated have shown that antibody is not essential for expulsion of T. muris. The transfer of a highly purified population of CD4 + T cells into normally susceptible SCID mice demonstrated that expulsion of T. muris (operating against larval stages of the parasite) could occur in the complete absence of antibody (Else and Grencis, 1996) . Supporting this, µMT mice (which lack B cells) expel T. muris with efficiency and kinetics comparable to wild-type controls (Blackwell and K.J. Else, unpublished). Furthermore, Fc receptor γ-chaindeficient mice (lacking Fcγ receptors and Fcε receptors) (Takai et al., 1994) are also completely resistant to T. muris infection, demonstrating that antibody-dependent cellular cytotoxicity mechanisms are not likely to play a major role in host protection in this model (Betts and Else, 1999 ).
In the case of H. polygyrus, passive transfer of purified IgG1 has implicated this isotype in host protection (Pritchard et al., 1983) . However, IgE does not appear to be important, because host protection is not blocked following treatment with anti-IgE monoclonal antibodies or in mice that lack IgE receptors . In view of the evidence that the relative resistance of different mouse strains to H. polygyrus infection does not correlate well with the ability of sera from these animals to protect naive animals from infection , it has been argued that antibody-dependent mechanisms are not a key component in protection against H. polygyrus. This also appears to be the case during N. brasiliensis infection, with depletion of antibody responses having no effect on worm expulsion (Jacobson et al., 1977) .
Immunity to T. spiralis can be passively transferred following either primary infection or vaccination with parasite antigens (Jarvis and Pritchard, 1992; Robinson et al., 1995) . Studies in the rat have also identified an important role for IgE and IgG1 in the rapid expulsion phenomenon following challenge infection (Love et al., 1976; Dessein et al., 1981; Appleton and McGregor, 1987; Ahmad et al., 1991) . However, it is clear that, in mice, primary infection can be efficiently expelled in Fc receptor γ-chain-deficient mice, demonstrating that antibody-independent expulsion can occur (R.K. Grencis and J.V. Ravetch, unpublished observations).
Overall, it appears that humoral responses during nematode infection may contribute to host resistance under normal physiological circumstances, although in most cases it is not essential for expulsion. Antibody responses may be important in challenge infections, however, as appears to be the case during H. polygyrus infection . The evidence suggests that antibody is not a principal mechanism of host protection but the potential role of 'blocking antibodies' in promoting susceptibility to infection has not been investigated. In this context, mouse strains that are susceptible to T. muris have strikingly higher antibody levels and altered patterns of antigen recognition compared with resistant strains (Else and Wakelin, 1989) .
Immune effectors: mast cells
A variety of type 2 cytokines and the non-lymphoid cell-derived growth factor, stem cell factor (SCF) (Hültner et al., 1989; Copeland et al., 1990; Huang et al., 1990; Thompson-Snipes et al., 1991; reviewed in Befus, 1995) , are known to be important in the development of intestinal mast cell responses associated with nematode infection but the contribution of this population to host protection depends on the nematode species in question.
Mast cells do not appear to play a direct role in host protection against primary T. muris infection, as no correlation was found between intestinal mast cell responses and expulsion kinetics in different inbred strains of mice (Lee and Wakelin, 1982) . In vivo ablation of mast cell responses using anti-SCF monoclonal antibody (causing a 99% reduction in numbers of intestinal mast cells) did not alter the kinetics of worm expulsion in normally resistant mice (Betts and Else, 1999) , demonstrating that mast cells were not important in the expression of host resistance. Likewise, expulsion of N. brasiliensis occurs independently of mast cell responses. In this case, treatment with a combination of anti-IL-3 and anti-IL-4 monoclonal antibodies (resulting in an 85% decrease in mastocytosis) or infection in W/W v mice (which have a natural mutation in SCF receptor, c-kit, and so have drastically impaired intestinal mast cell responses) (Galli et al., 1994) did not alter worm expulsion (Crowle and Reed, 1981; Madden et al., 1991) .
Mast cells may be important in resistance to primary H. polygyrus infection. Although primary infection in most mouse strains is chronic, some strains do eventually clear infection, with the production of IL-3 and IL-9, and the development of intestinal mastocytosis coincident with worm expulsion (Behnke et al., 1993; Wahid et al., 1994) . Indeed, coinfection studies with H. polygyrus and T. spiralis have identified the ability of H. polygyrus to selectively down-regulate mast cell responses (Dehlawi et al., 1987) .
The involvement of mast cells in host protection against nematode infection is well characterized in T. spiralis infection. W/W v mice exhibited a significant delay in worm expulsion, and treatment with either anti-SCF or anti-SCF receptor monoclonal antibody dramatically inhibited mast cell responses and expulsion of T. spiralis for the duration of treatment (Donaldson et al., 1996) . W/W v mice also lack interstitial cells of cajal and intraepithelial γδ T cells (Maeda et al., 1992; Puddington et al., 1994) , which may contribute to the impaired response in these animals (see below). However, supporting evidence of a role for mast cells in protection against T. spiralis comes from studies in which overexpression of IL-9 in mice (which is known to influence the mast cell responses; see above) resulted in an extremely rapid mast cell-dependent expulsion of T. spiralis (Faulkner et al., 1997) .
The mechanisms whereby mast cells enhance host protection to H. polygyrus and T. spiralis (and whether these are related to the leak-lesion hypothesis) have not yet been fully defined. Certainly, mast cells contribute to intestinal inflammation during infection through the secretion of a range of cytokines (Gordon et al., 1990) and vasoactive substances (see above). In addition, the release of mast cell proteases are known to increase enterocyte permeability to macromolecules in the rat intestine (Scudamore et al., 1995) and regulate epithelial cell functions at other mucosal sites (Cairns and Walls, 1996) .
Mast cell-dependent alterations in smooth muscle contractility and intestinal permeability may also be important in expulsion of H. polygyrus and T. spiralis. Increases in smooth muscle contractility (with associated changes in peristalsis) are observed during the protective response to H. polygyrus challenge infections. These mast cell-dependent effects were blocked following treatment with anti-IL-4 receptor monoclonal antibody, or induced in naive animals by administration of IL-4C (discussed in Finkelman et al., 1997) . Increased intestinal permeability and decreased fluid absorption in response to glucose during H. polygyrus challenge infection were also found to be dependent on IL-4 and intestinal mast cells . Therefore a combination of enhanced fluid secretion and altered peristalsis may function to 'flush' worms out of the intestine.
Similar changes in fluid absorption and gut motility may also be important in expulsion of T. spiralis. Increases in smooth muscle contractility are observed coincident with expulsion of primary (Weisbrodt et al., 1994; Vallance et al., 1997) and challenge T. spiralis infections (Palmer and Castro, 1986) . Indeed, studies in which smooth muscle contraction, granulocyte-dependent inflammation (measured by myeloperoxidase activity) and expulsion of primary T. spiralis infection were investigated found that genetically determined differences in the ability of inbred mouse strains to expel T. spiralis reflected the magnitude of the increase in smooth muscle contraction rather than the degree of mucosal inflammation (Vallance et al., 1997) . The pathophysiological changes in smooth muscle contractility associated with expulsion of T. spiralis were subsequently found to be dependent on haemopoetic MHC class II expression and CD4 + T cells (Vallance et al., 1998) . W/W v mice were also found to have reduced expulsion and impaired increases in smooth muscle contraction following T. spiralis infection, compared with control animals, although whether this is due to a defect in the mast cell or interstitial cells of cajal populations (which regulate propulsive activity) is unknown (Vallance, 1999) . Disruption of fluid secretion is also associated with rapid expulsion of challenge T. spiralis infection in rats (Castro et al., 1979) . Furthermore, artificial increases in fluid secretion through administration of serotonin reduced the establishment of T. spiralis infection in naive rats (Zhang and Castro, 1990) . Whether these responses are essential for expulsion of H. polygyrus and T. spiralis, or only contribute to the overall unfavourable environment for the worm in the intestine, is unclear at present.
Immune effectors: eosinophils
Eosinophilia is a hallmark of intestinal nematode infection and is known to be under the control of IL-5 (Finkelman et al., 1992) . As discussed above, treatment with anti-IL-5 monoclonal antibody (and so ablation of eosinophilia) had no effect on expulsion of T. muris, H. polygyrus, N. brasiliensis or T. spiralis infections, suggesting that either redundant mechanisms operate under these circumstances or that eosinophils are not a critical component of effector responses operating against most murine intestinal nematode infections. However, mouse strains that constitutively overexpress IL-5 (and have high numbers of peripheral and tissue eosinophils) exhibited enhanced resistance to primary N. brasiliensis infection (Dent et al., 1999) . These studies showed that IL-5 transgenic mice had fewer numbers of adult worms in their intestine following infection, with those worms that did migrate there being smaller, apparently malnourished, and less fecund than worms in wild-type control animals (Dent et al., 1997 (Dent et al., , 1999 . The peak intestinal worm burden in these animals (although significantly lower than in wild-types) was also later (day 5 in transgenic animals compared with day 3 in controls), suggesting that IL-5 and/or eosinophils were operating against larval stages of the parasite to impede their migration to the intestine. Therefore, under certain conditions eosinophils may be important in host resistance, but an IL-5-dependent, eosinophil-independent mechanism of enhanced resistance cannot be ruled out in these transgenic animals.
Using the same transgenic animals, experiments using the T. spiralis model suggested that over-expression of IL-5 (and high numbers of eosinophils) may be an advantage to the parasite, with the number of tissue larvae being higher in transgenic animals at day 10 post-infection (Dent et al., 1997) . This may be a result of prolonged survival of adult worms in the intestine, generating more larvae, or reduced killing of larvae in the muscle tissue. The latter suggestion is not supported by in vitro studies, which have shown that eosinophils can kill larval stages of T. spiralis (Kazura and Aikawa, 1987) , presumably through the release of cationic or superoxide radicals.
Although definitive evidence of a role for eosinophils in protection against intestinal nematode parasites is not currently available, it is clear that this population does have at least a partially protective function against migratory larvae of tissue-dwelling nematodes, including Angiostrongylus cantonensis and S. stercoralis (Korenaga et al., 1994) . It is also important to note that a fundamental difference exists between murine and human eosinophils (the former lacking high affinity IgE receptors) and so this may be the basis of the apparent lack of function of eosinophils in murine models of nematode infection, although perhaps not in human and livestock infection. At present it is clear that expulsion of a number of species of intestinal nematodes can occur in the absence of eosinophils, although further analysis of the protective role of this population against different life-cycle stages of other intestinal nematode species is required.
Immune effectors: cytokines and enterocytes
It is clear from studies in the T. muris, H. polygyrus and N. brasiliensis systems that administration of IL-4C to infected SCID mice can mediate expulsion of adult stages of these nematodes in the absence of an adaptive immune system K.J. Else, unpublished) . Therefore, the hypothesis that type 2 cytokines can mediate their protective effects in the intestine through regulating the function of host enterocytes is an attractive one.
Dramatic changes in cell proliferation and turnover within the intestinal epithelium have been observed during a number of nematode infections, resulting in crypt hyperplasia and/or villus atrophy (Symons, 1965 (Symons, , 1978 Manson-Smith et al., 1979; Hoste, 1989; Lawrence et al., 1998; Artis et al., 1999b) , with these changes suggested to be a result of either parasite-derived products or the host response to infection. In the case of T. muris, we have recently shown that enterocyte hyperproliferation observed during chronic infection is regulated by IFN-γ (Artis et al., 1999b) . Interestingly, we have observed clear qualitative differences in the patterns of enterocyte proliferation between susceptible and resistant mouse strains during primary T. muris infection -in particular, significant changes in the patterns of proliferation within the epithelium coincident with worm expulsion in resistant strains. Whether cytokine regulation of enterocyte proliferation is a precipitating event in worm expulsion or a response to it remains to be determined. As mentioned above, we have also identified a novel role for TNF-α in regulating expulsion of T. muris. As TNF-α has been shown to regulate enterocyte proliferation and apoptosis in other systems (Kaiser and Polk, 1997; Piguet et al., 1998) , it is possible that this cytokine is mediating its protective effects through regulation of enterocyte function and physiology (see also Chapter 18).
In addition to disruption in enterocyte proliferation, changes in enterocyte differentiation patterns are observed during nematode infection. Although the signals that regulate differentiation of goblet cells from enterocyte stem cells are unknown (Leblond and Messier, 1958; Paulus et al., 1993) , a marked goblet cell hyperplasia is observed during T. muris (D. Artis and R.K. Grencis, unpublished) , N. brasiliensis (Ishikawa et al., 1993) and T. spiralis infection (Garside et al., 1992) . Evidence exists to support a role for goblet cells and the mucins they secrete in expulsion of N. brasiliensis, and in the CD4 + T cell control of this response. Treatment with anti-CD4 monoclonal antibody significantly reduced the numbers of goblet cells and amount of mucins secreted during infection, resulting in a delay in worm expulsion (Khan et al., 1995) . IL-13 plays a critical role in the goblet cell response to N. brasiliensis, with IL-13 KO mice having lower numbers of goblet cells during infection and delayed worm expulsion (McKenzie et al., 1998) .
It is the quality rather than the quantity of the goblet cell response that is important in resistance to nematode infection, as even strains that are susceptible to T. muris (harbouring chronic infections) have a dramatic increase in the number of goblet cells and amount of mucus secreted during infection. Indeed, detailed analysis of the biochemical nature of mucins secreted by goblet cells during T. muris infection has found that differences do exist between susceptible and resistant strains (Khan and Grencis, unpublished observations) . Although the mechanisms of protection afforded by goblet cells are unknown, it is likely that mucins impede worm feeding and/or the ability of the worm to locate within its preferred niche, and so enhance expulsion (see also Chapter 18).
T cell and cytokine regulation of enterocyte apoptosis may also be important in the expulsion of nematodes, in particular T. spiralis and T. muris, which inhabit an intracellular niche. Certainly an increase in the number of apoptotic cells within the epithelium is observed around the period of expulsion of T. muris in resistant mouse strains (D. Artis, C.S. Potten and R.K. Grencis, unpublished) . Apoptosis of host enterocytes may dislodge the nematode or perhaps expose vital feeding organs to immune attack, and so enhance expulsion. Whether enterocyte apoptosis results from the burrowing action of the worms or a tissue repair mechanism, or is involved in expulsion, remains to be investigated.
Concluding Remarks
Significant advances in our understanding of immune regulation of intestinal nematode infection have been made in recent years but a number of questions remain to be addressed. In particular, what are the early molecular events following infection that determine infection outcome? The design of anti-nematode vaccine candidates will be aided by the identification of the critical cytokines that influence the development of protective Th responses during infection, with a view to developing these molecules as adjuvants of potential vaccines. In addition, examination of the PRRs on enterocytes and other cell populations (and the molecular structures common to nematodes that they recognize) will be important in the development of potential vaccines, providing essential information on the nature of nematode antigens that initiate (and potentially modulate) immune responses. The precise effector mechanisms induced by type 2 cytokines in the intestinal microenvironment also remain unknown. In this regard it is necessary to define the target cells of protective cytokines and what aspects of altered gut physiology are important in worm expulsion. Although caution must be exercised in extrapolating the results of murine studies to nematode infections of humans and livestock, laboratory models of infection have undoubtedly allowed rigorous characterization and functional analysis of the cellular and molecular basis of immunity to intestinal nematode infection. In addition, these studies now provide a solid framework within which the host and nematode molecules important in determining infection outcome can be manipulated in the design of rational immunotherapies. 
